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ScienceDirectAvoiding or escaping a predator is arguably one of the most
important functions of a prey’s brain, hence of most animals’
brains. Studies on fear conditioning have greatly advanced our
understanding of the circuits that regulate learned defensive
behaviours. However, animals possess a multitude of threat
detection mechanisms, from hardwired circuits that ensure
innate responses to predator cues, to the use of social
information. Surprisingly, only more recently have these circuits
captured the attention of a wider range of researchers working
on different species and behavioural paradigms. These have
shed new light into the mechanisms of threat detection
revealing conservation of the kinds of cues animals use and of
its underlying detection circuits across vertebrates. As most of
these studies focus on single cues, we argue for the need to
study multisensory integration, a process that we believe is
determinant for the prey’s defence responses.
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Introduction
Animals face a multitude of dangers many of which can be
life threatening, such as an encounter with a predator.
They have thus evolved a variety of mechanisms to detect
impending danger using a multitude of cues that identify
the threat or signal its approach. In addition, animals can
detect threats indirectly using cues learned to be associ-
ated with the menace or cues provided by other alarmed
prey. Studies on learned fear have greatly contributed to
our understanding of how the brain learns to predict
threat and have been the subject of several reviews
[1,2]. However, in recent years there has been substantialwww.sciencedirect.com progress in our understanding of innate mechanisms of
direct predator detection in a variety of animal species.
Interestingly, these studies revealed that similar kinds of
stimuli, acting through partially conserved circuits, trigger
defensive behaviours in a multitude of vertebrate species.
These commonalities pave a way to understanding how
neuronal circuits of defensive behaviours have evolved.
We will focus on chemical, visual and auditory cues
separately, and then discuss potential mechanisms for
multisensory integration, which we believe is likely to
play a crucial role in determining the animals’ response to
a threat.
Chemical cues
Chemical cues from predators or injured/stressed con-
specifics, are sufficient to trigger innate defensive beha-
viours in many vertebrates [3,4,5,6–9]. The olfactory
system of most mammals, reptiles and amphibians has
two entry points, the main olfactory epithileum (MOE)
and the vomeronasal organ (VNO). However, some
vertebrate lineages like teleost fish and higher primates
have lost the VNO. Importantly, several mammal spe-
cies have another chemosensing organ, the Grunenberg
Ganglion (GG), implicated in interactions between con-
specifics [4].
Olfactory cues, mostly present in predators’ secretions,
trigger defensive behaviours in rodents. A number of
volatile molecules, such as TMT, 2-PEA and 2-PT that
result from meat digestion are detected by neurons in the
main olfactory system (MOS) and GG (responses to 2-
PEA in GG were not tested), thereby triggering defensive
responses [3,4,5,7]. Furthermore, trace amine-associat-
ed receptors (TAARs) in the MOE are sensitive to these
at very low concentrations. These findings suggest that
prey uses molecules that result from meat metabolism as
long-range cues of a predator’s presence [10]. On the
other hand, non-volatile chemicals such as major urinary
proteins (Mups) act as short-range cues and are sensed by
the Acessory Olfactory System [6].
Recent studies have also identified alarm pheromones
produced by stressed rodents constituting an indirect
mechanism of predator detection. SBT, isolated from
stressed mice, is structurally similar to cues from carni-
vores such as TMT or 2-PT, and also activates the main
olfactory bulb (MOB) and GG neurons [4,11]. In addi-
tion to SBT, a mixture of hexanal and 4-methyl pentanal
has been identified as an alarm pheromone in rats, which
activates the vomeronasal system [12].Current Opinion in Neurobiology 2016, 41:179–187
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Circuit for detection of chemical cues of threat. (a) Rodents. Top drawing illustrates avoidance by rodents of cues present in predators’
secretions. Bottom scheme summarizes the known elements of olfactory circuit for threat detection described in rodents. Regions coloured in
green have known inputs conveying olfactory information, regions in khacki have been implicated in olfactory driven defensive behaviours but the
olfactory input to them is less clear. (b) Zebrafish. Top drawing illustrates response to the alarm substance produced by damaged skin of
conspecifics. Scheme follows same colour code as in (a), however, regions in paler colour and grey letters indicate regions of the fish homologous
to regions in mammals that have been implicated in defensive behaviours, but whose role in zebrafish remains to be tested or is under debate.
Abbreviations: AOB — accessory olfactory bulb; pirA — amygdalo-piriform transition area; CoA — cortical amygdala; IPN — interpeduncular
nucleus; LDT — laterodorsal tegmentum; LHb — lateral habennula; pvMEA — posterioventral region of the Medial Amygdala; MOB — main
olfactory bulb; MOE — main olfactory epithelium; GG — grunenberg ganglion; Pir — piriform cortex; PMd — dorsal premammillary nucleus; VMH
— ventromedial hypothalamus; VNO — vomeronasal organ.Downstream of the olfactory system, neurons in the
posteroventral part of the medial nucleus of the amygdala
(pvMeA) respond to the presentation of predator odours
detected by the MOE, VNO and GG [3,4,5,6,13].
Therefore, the MeA may be a point of convergence
and integration of threat related olfactory information
provided by different subsystems. The MeA projects to
the ventromedial hypothalamus (VMHdm), where the
responses to predator odours are recapitulated [5]. Ac-
tivity in the VMHdm can drive defensive behaviours
through multiple routes including its projections to the
peri-acqueductal gray (PAG) [14–16,17] (Figure 1a).
Briefly, in rodents both the direct and indirect (through
conspecifics) detection of predators using chemical cues
relies on multiple and overlapping input channels to
downstream targets such as the MeA. Whether these
correspond to redundant mechanisms or fulfil comple-
mentary functions remains largely unexplored. Recent
evidence points to the later [4,5]. Moreover, the detec-
tion of alarm pheromones seems to have evolved through
co-option mechanisms, since these cues share structural
similarities with predator odours activating similar input
channels.
Reptiles and amphibians also display an array of defensive
behaviours triggered by both intra and interspeciesCurrent Opinion in Neurobiology 2016, 41:179–187 chemical cues [9,18]. Although homologies in the amygda-
loid complex across vertebrates are still a matter of debate,
comparative studies provided evidence for extensive ho-
mologies between reptiles/amphibians and the mammalian
olfactory amygdala. As in rodents, information from
the MOE and VNO project to different subnuclei of the
amygdaloid complex. The nucleus homologous to the MeA
receives input from the VNO and constitutes a major
source of chemosensory information to the hypothalamus
[19,20]. Homologous structures to an olfactory amygdala
have however been more difficult to assert for the avian
brain due to its reduced reliance on chemosensation and for
fish due to distinct brain development processes [19,20].
In fish, olfactory driven defensive behaviours can be
triggered by an alarm substance (AS) present in damaged
skin of conspecifics [8,21]. Recently, glycosaminoglycan
chondroitin was identified as an active component of AS.
This compound triggers neuronal activity in the dorsome-
dial posterior region of the OB that sends asymmetric
projections to the right dorsal habenula (dHb), (the
homolog of the mammalian medial habenula (mHb)),
which responds to olfactory stimuli [8,22,23]. However,
exposure to AS failed to trigger neuronal activity in this
region of the dHB [24]. Hence, it remains unclear which
pathway underlies the defensive responses triggered by
AS. Interestingly, there are dense projections from thewww.sciencedirect.com
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malian central amygdala (CeA), a region involved in the
display of defensive behaviours [25–27]. Finally, the
neuropeptide kisspeptin in the ventral habenula (vHb)
(homolog of the mammalian lateral habenula, lHb) was
shown to regulate AS-triggered defensive responses [28].
This structure may regulate defensive behaviours
through its projections to the median raphe
(Figure 1b). The role of the rodent habenula in innate
defensive behaviours remains largely unexplored; how-
ever, a recent study in mice implicated inputs from the
lHb to the laterodorsal tegmentum in TMT-triggered
defensive behaviours [29]. Importantly, the mHb as also
been recently implicated in the regulation of fear and
anxiety [30].
Fish can also detect directly the presence of predators
through chemical cues in the water [31], however the
underlying neural mechanisms have not been tested. An
interesting possibility is that they share similarities with
the mechanisms for indirect detection described above,
suggestive of co-option mechanisms as proposed for
rodents.
Visual cues
Animals can detect a threat through the visual identifica-
tion of the menace or through the detection of a rapidly
approaching object. There are also indirect detection
mechanisms such as the visual observation of defense
responses displayed by conspecifics [32–35].
Looming stimuli, which signals the rapid approach of a
potential predator or a colliding object, triggers defensive
behaviours across vertebrate species including humans
[36,37,38,39,40,41,42]. The first behavioural reports
date back to the 1960’s [42] followed by electrophysiology
studies that established the role of the tectofugal pathway
in the detection of these stimuli. Looming responsive
neurons were found in birds both in the Optic Tectum
(OT) and in its downstream target, the nucleus rotundus
[43,44]. Similarly, responses to looming stimuli were
recorded in the superior colliculus (SC) of the rat [45]
(the mammalian homologue of the OT), which projects to
the pulvinar (the mammalian homologue of the nucleus
rotondus) and drives escape responses when artificially
stimulated [46–48]. Surprisingly, however, very little
progress was made until recently, when the power of
optogenetics led to renewed interest on mechanistic
studies of visual looming-evoked responses in mice and
zebrafish.
In mice, recently shown to respond with escape and
freezing to looming stimuli [36,40], retinal-ganglion
cells (RGC) selectively respond to an approaching stim-
ulus [49]. The superficial layers of the SC receive con-
vergent input from the retina and the visual cortex, such
that looming-evoked responses driven by retinal inputwww.sciencedirect.com are strongly modulated by corticotectal feedback [50].
Neurons in different layers of the medial SC respond to
overhead visual stimuli and have been implicated in
looming-triggered defensive behaviours through differ-
ent output pathways. Optogenetic activation of cells in
the medial part of the intermediate layers of the SC
(ILSCm) is sufficient to trigger freezing through a sub-
cortical pathway to the Lateral Amygdala (LA) [40] a
structure widely implicated in learned defense
responses [1,2]. The activation of Parvalbumin positive
cells in the superficial layers of the SC triggers escape
followed by prolonged freezing, but in this case through
projections to the parabigeminal nucleus (PBGN) of the
thalamus [41]. Both the PBGN and the LA project to the
CeA [41,51] a region shown to drive freezing and there-
fore a potential output for the display of this defense
behaviour [27]. However, the role of the CeA in driving
escape responses is less clear (but see [52]). Further
studies are needed to determine which downstream
pathways drive escape triggered by looming stimuli
(Figure 2a).
In the zebrafish larva visual looming stimuli also trigger
stereotypical escape responses. Whole brain calcium im-
aging revealed the activation of OT in response to these
stimuli. As in mice, the OT receives direct input from
RGCs that respond to looming stimuli, being this retino-
tectal projection necessary for looming-evoked escapes
[38]. Inputs from RGCs onto OT are further processed by
inhibitory neurons within OT that refine the activity of
tectal output neurons [37]. A similar role for inhibition
has been reported in frogs [53]. In turn, OT neurons
project to the hindbrain reticular formation [54] where the
Mauthner cell, a large neuron that drives escape
responses to mechanic and auditory stimuli, is located.
Ablation of the Mauthner cell and its homologues
changes some of the kinematic properties of the escape
response but does not abolish it [37]. Hence, it remains
unclear how visual areas interact with the escape circuitry
to drive behaviour. Interestingly, the nucleus isthmi (NI),
homologue of PBGN in fish, respond to looming stimuli
[55]. In amphibians, it is well established the reciprocal
connection between OT and NI [56] forming a loop that
may modulate looming responses (Figure 2b).
As in other vertebrates, the SC and the pulvinar of human
subjects are activated by looming stimuli [57]. Interest-
ingly, it was recently shown that humans perceive loom-
ing images of threatening stimuli as approaching faster
than images of non-threatening stimuli [58]. The amyg-
dala and the bed nucleus of the stria terminalis, which are
activated by looming threatening stimulus, are probably
neuronal substrates of this process [59]. The pulvinar, that
sends projections to the amygdala, also responds selec-
tively to pictures of static snakes, suggesting that this
nucleus responds to visually threating cues independent-
ly of movement [60,61].Current Opinion in Neurobiology 2016, 41:179–187
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Circuit for detection of visual and auditory cues signalling threat. (a) Rodents. (b) Zebrafish. Top drawings illustrate escape triggered by the
looming stimulus created by an overhead predator. Bottom schemes show circuit with regions implicated in defensive responses to threatening
visual and auditory cues. Blue regions process visual information, pink regions process auditory information and purple regions respond to both
auditory and visual cues. Abbreviations: IC — inferior culliculus, ILSCm — medial portion of the intermediate layers of the superior culliculus;
SLSC — superior layers of the superior culliculus; MGB — medial geniculate body; LGN — lateral geniculate nucleus; LD/Pul — lateral dorsal
thalamus/pulvinar thalamus; PBGN — parabigeminal nucleus; LA — lateral amygdala; CeA — central amygdala; PAG — periaqueductal gray; NI
— nucleus isthmi; TIDA — tuberohypophysial dopaminergic neurons.In summary, homologous structures in subcortical path-
ways including the SC, pulvinar and amygdala are impli-
cated in the display of defensive behaviours in response to
visual cues in many vertebrates. However, despite the
knowledge on how amygdala drives defensive beha-
viours, studies of the motor output for looming-triggered
defence are lacking.
Auditory cues
A great deal is known about how auditory cues trigger
defensive behaviours based on fear conditioning studies
using artificial sounds [2]. These studies crucially impli-
cated LA and its thalamic and cortical auditory inputs in
the acquisition and expression of auditory driven defen-
sive behaviours. Interestingly, a recent study showed that
innate escape responses triggered by a broadband sound
relies on corticofugal projections from the auditory cortex
to the inferior colliculus, directly driving PAG, bypassing
the amygdala [62].
Much less is known about defensive behaviours triggered
by natural sounds. Still, laboratory studies have shown
that looming sounds are salient stimuli for human and
non-human primates. Humans underestimate the dis-
tance of an approaching but not of a receding sound,
which allows for more time to escape an approaching
threat [63]. Neurons in the lateral belt auditory cortex,
with stronger responses to looming than to recedingCurrent Opinion in Neurobiology 2016, 41:179–187 structured sounds, seem to underlie the attention bias
observed in monkeys [64]. In addition, auditory looming
stimuli activate the human amygdala and cortical multi-
sensory integration areas [65].
In addition to looming sounds, mammals and birds [66–
68] can use alarm calls to detect the presence of pre-
dators. Alarm calls constitute fast signals that can contain
information about the nature of the threat. Interestingly,
it has been shown that although most lizards do not use
vocal signals for intraspecies communication, they eaves-
drop on alarm calls of birds that share the same environ-
ment [69].
There are, however, few mechanistic studies under labo-
ratory settings. Most of them focused on the study of
22 kHz ultrasonic vocalisations (USVs) that rats emit
when in distress. These distress USVs do not seem to
trigger innate defensive behaviours, however rats may
have an innate aversive bias towards these calls [70].
Moreover, rats subjected to footshocks emit distress calls
that through auto-conditioning become associated with
the aversive event. Through this learned association the
distress calls emitted by conspecifics can come to elicit
defensive behaviours [71,72] but see [73]. Interestingly,
reports in wild populations suggested that responses to
conspecifics alarm calls, in some cases, emerge through
learning [68]. Supporting the relevance of distress calls,www.sciencedirect.com
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[74]. Finally, lesions of the auditory thalamus disrupt
freezing triggered by the display of defensive behaviours
by conspecifics, including emission of alarm calls [72].
Importantly, several vertebrate species can use auditory
cues from the actions of conspecifics as alarm cues. For
example, the sound of an escape flight, but not that of
normal take off, triggers escape in crested pigeons [75].
We have shown that rats perceive the cessation of move-
ment-evoked sound, which occurs when other rats freeze,
as a signal of danger [76]. Human infants also use the
fearful voice of mothers to infer danger [77].
In summary, vertebrates can rely on audition to directly
detect approaching threats or to respond to cues from
other animals. Mechanistic studies have revealed a role
for auditory cortex, the inferior colliculus and LA in this
process. From fear conditioning studies other brain
regions have been implicated in defensive behaviours
triggered by threatening sounds, such as the auditory
thalamus, the CeA and the PAG. How the brain processes
social auditory information remains largely unexplored.
Multisensory integration
Studies on direct or indirect detection of predators have
mostly focused on single cues, whether chemical, visual
or auditory. Upon a possible encounter with a predator,
preys have to weigh the probability and cost of this
encounter against the cost of a defensive behaviour.
Hence, preys are likely to integrate cues from all sensory
modalities to make a decision about whether to and how
to defend from a possible threat.
A few studies in rodents investigating neural mecha-
nisms of defensive behaviours in response to terrestrialFigure 3
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www.sciencedirect.com live predators suggest that chemical information via
MeA and dmVMH [16,78] is crucial for the perception
of a predator as a threat. Other regions, such as the LA
and the posterior basolateral amygdala, contribute to
defensive responses, possibly by processing information
from other sensory modalities, but are not essential [78].
Interestingly, many studies using predator odours show
that these elicit avoidance responses but not rapid
escapes or strong freezing. This raises the possibility
that chemical cues provide information about the possi-
ble presence of a predator at a distance or entrance into
its territory. This should lead to avoidance and increased
vigilance enhancing responses to cues, mostly visual and
auditory, which indicate approach by the predator there-
by facilitating rapid escape and freezing. How this
multisensory integration is instantiated in the brain
remains untested.
One possible site of integration is the amygdala as it has
several highly interconnected subnuclei that respond to
different sensory modalities. The MeA, important for
chemosensation, is reciprocally connected with the LA,
a major input nucleus that responds to all sensory modal-
ities [2,51]. In addition, the MeA projects to the CeA and
the basolateral amygdala, which also respond to visual and
auditory inputs. These three subnuclei, which constitute
major output stations of the amygdala targeting different
brain regions, may send multimodal information to down-
stream targets (Figure 3).
As in amygdala, hypothalamic nuclei receive input from
different sensory modalities. However, reported inputs to
the hypothalamic nuclei implicated in defensive beha-
viours are olfactory [5]. Whether these nuclei respond to
threatening visual or auditory stimuli and whether other
hypothalamic nuclei known to process visual or auditorys
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requires further investigation.
Multisensory integration could also take place at the
motor output level, such as in the PAG, which receives
projections that can convey information from all sensory
modalities. In the teleostat fish very little is known about
the role of the amygdala or the PAG homologues in the
display of defensive behaviours. However, the Mauthner
cell and its homologues in the hindbrain receive strong
auditory inputs that elicit escape behaviours, which are
modulated by visual input through hypothalamic dopa-
minergic neurons (homologues of mammalian TIDA
neurons) [79] (Figure 2b). Therefore, the reticular neu-
rons in the fish hindbrain are a potential zone of multi-
sensory integration of threat related cues. Interestingly, it
has been proposed that reticular neurons within the
nucleus gigantocellularis of the mammalian medulla
may have evolved from the Mauthner cell [80]. It would
me interesting to explore the role of these neurons in the
display of defensive behaviours triggered by sudden
stimuli such as the ones that trigger fast escapes in
zebrafish.
Finally, the integration of audio and visual looming
stimuli has been shown at the behavioural and neuronal
level for a number of vertebrate species. Interestingly,
multisensory integration occurs for looming but not
receding stimuli, suggesting that multisensory integra-
tion favours processing of behaviourally relevant sti-
muli. In monkeys, this integration was shown to
involve increased coherence of oscillations between
auditory cortex and superior temporal sulcus, a multi-
modal cortical region [81]. In addition, the OT/SC has a
well-established role in integrating auditory and visual
information.
Future directions
Great progress has been made recently on the under-
pinnings of the mechanisms of threat detection in verte-
brates. These studies revealed a number of shared
mechanisms both regarding the kinds of cues prey re-
spond to and the neural circuits involved.
A few outstanding questions arise in this review. The role
of amygdala and hypothalamus in defensive behaviours,
while well established in mammals, remains unclear in
other vertebrates. We propose further studies on these
structures not only in fish but also in amphibians and
reptiles, which would contribute to a better understand-
ing of the evolution of the neuronal pathways underlying
defensive behaviours. Given the possibility that social
cues of danger may have evolved through co-option of
direct predator detection mechanisms in rodents, it would
be very interesting to see whether this is a general
principal across vertebrate species. Finally, multisensory
integration is probably fundamental in determining anCurrent Opinion in Neurobiology 2016, 41:179–187 animal’s response to threat. Although this integration is
likely to take place at multiple stages in defense circuits,
we propose the testable hypothesis that the amygdala
may be particularly well suited to fulfil this function.
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